Passive treatment systems based on the dissolution of coarse calcite grains are widely used to remediate acid mine drainage (AMD). Unfortunately, they tolerate only low metal concentrations or acidity loads, because they are prone to passivation (loss of reactivity due to coating) and/or clogging (loss of permeability) by precipitates. To overcome these problems, a dispersed alkaline substrate (DAS) composed of a fi ne-grained alkaline reagent (calcite sand) mixed with a coarse inert matrix (wood chips) was developed. Th e small grains provide a large reactive surface and dissolve almost completely before the growing layer of precipitates passivates the substrate, whereas the dispersion of nuclei for precipitation on the inert surfaces retards clogging. Chemical and hydraulic performance of DAS was investigated in two laboratory columns fed at diff erent fl ow rates with natural AMD of pH 2.3 to 3.5 and infl ow net acidity 1350 to 2300 mg/L as CaCO 3 . Th e DAS columns removed 900 to 1600 mg/L net acidity, 3 to 4.5 times more than conventional passive treatment systems. Regardless of the fl ow rate employed, Al, Fe(III), Cu, and Pb were virtually eliminated. Minor Zn, Ni, and Cd were removed at low fl ow rates. High acidity removal is possible because these metals accumulate intentionally in DAS, and their precipitation promotes further calcite dissolution. During 15 mo, DAS operated without clogging at 120 g acidity/m 2 ·d, four times the loading rate recommended for conventional passive systems; DAS may therefore be capable of treating AMD at sites where infl uent chemistry precludes the use of other passive systems.
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Passive Treatment of Acid Mine Drainage with High Metal Concentrations Using Dispersed Alkaline Substrate
Tobias S. Rötting* Newcastle University Robert C. Thomas CH2M Carlos Ayora and Jesús Carrera CSIC A cid mine drainage (AMD) generated by the oxidation of pyrite and other metal sulfi des is a major cause of water contamination worldwide (e.g., Kaufmann et al., 1992; Banks et al., 1997) . Acid mine drainage contains high concentrations of sulfuric acid and metals. Release of contaminants can persist for decades or centuries after mining has stopped (e.g., Demchak et al., 2004) . Th e problem is particularly severe in metal mining areas, such as the Iberian Pyrite Belt (SW Spain), the largest pyrite mining district in the world (Olias et al., 2004) . Concentrations of Al, Fe, Zn, Mn, Cu are observed in hundreds of mg/L with net acidity several thousands of mg/L as CaCO 3 equivalents.
Passive treatment systems may be an economic option for remediation of AMD (e.g., Johnson and Hallberg, 2005) . Once installed, these systems do not need continuous addition of reagents and they only require infrequent (albeit regular) maintenance. Th is technology has been applied successfully at sites with moderate acidity and metal concentrations (e.g., Ziemkiewicz et al., 2003) , primarily at coal mines with low pyrite contents and in zones of humid climate.
Th e most common passive treatment systems for AMD are "Anoxic Limestone Drains" (ALD) and "Reducing and Alkalinity Producing Systems" (RAPS). In these systems, the dissolution of calcite gravel and/or bacterial sulfate reduction produce up to 300 mg/L (ALD; e.g., Hedin et al., 1994; Cravotta, 2003) or 450 mg/L (RAPS; e.g., Jage et al., 2001; Watzlaf et al., 2004) alkalinity as CaCO 3 . However, when exposed to elevated metal concentrations, ALD and RAPS tend to lose reactivity ("passivation" or "armoring") or permeability ("clogging") due to the formation of precipitates on the surface of the limestone grains or in the pore space of the system (e.g., Rees et al., 2001; Watzlaf et al., 2002 Watzlaf et al., , 2004 Lopez Fernandez et al., 2003; Ziemkiewicz et al., 2003; Rose et al., 2004; Simon et al., 2005) . Usually only a very small fraction of the applied limestone gravel has been consumed when clogging or passivation occurs.
Another shortcoming of conventional passive treatment systems is their high land demand. Design guidelines for RAPS recommend an acidity load of less than 30 g acidity/m 2 ⋅d (Watzlaf et al., 2004) . Due to this constraint, RAPS may need very large areas to treat high-acidity AMD when fl ow rate is also high. For example, 1 L/s AMD with 2 g/L acidity (a common value in the Iberian Pyrite Belt) would require >5700 m 2 of RAPS surface. Furthermore, Zn, Cu, Ni, and other heavy metals can be toxic to sulfate-reducing bacteria at levels found in AMD in the Iberian Pyrite Belt (e.g., Utgikar et al., 2003; Cabrera et al., 2006; Neculita et al., 2007) . Th is may inhibit the passive treatment of water with high heavy metal concentrations by RAPS. Moreover, ALD and RAPS are designed to produce alkalinity but not to precipitate metals inside the reactor. Th e generated alkalinity is consumed outside the reactor to oxidize Fe(II) and precipitate Fe(III)-solids in subsequent sedimentation ponds. Th e ponds require additional land area, which may exceed that occupied by the RAPS or ALD itself. Mines discharging AMD are often located in steep, narrow valleys, so that construction of passive systems may be restricted by the availability of fl at areas. Th ese constraints limit the use of ALD and RAPS for treatment of AMD with high metal concentrations.
Several authors (Watzlaf, 1997; Ziemkiewicz et al., 1997; Cravotta and Trahan, 1999) observed that limestone may still dissolve despite armoring with Al-or Fe-precipitates. Based on these results, Th omas and Romanek (2002a Romanek ( , 2002b ) developed a novel limestone-buff ered organic substrate (LBOS) to treat acidic, ferric iron-and aluminum-dominated water (142 mg/L Fe, >99% Fe(III), 84 mg/L Al, pH 2.4). Th e LBOS consists of a reducing organic substrate (mainly wood chips and horse manure) mixed with an additional 25% (v/v) of limestone sand. Th e LBOS tanks eliminated 90% of infl owing Fe and depleted Al to <0.2 mg/L. Precipitation of Al-and Fe-compounds within the LBOS did not negatively aff ect either reactivity or permeability. However, LBOS was not tested on water with high ferrous iron concentrations, which is most common at abandoned mines.
In the present study, the dispersed alkaline substrate (DAS) was developed to treat water with high concentrations of Fe(II), Fe(III), and Al. It consists of a fi ne-grained alkaline reagent mixed with an inert, coarse high-surface material, so that the surfaces of the inert matrix are partially covered with the reactive substance. No reducing organic matter is used in DAS to maximize Fe(II)-oxidation and Fe(III)-hydrolysis and precipitation. Th e small grain size of the alkaline material provides a greater reactive surface than the same amount of coarse material. Th is should increase reactivity. Also, a larger fraction of each grain should dissolve before the crust of precipitates becomes too thick and impedes further dissolution. Th is should improve the effi cient use of the alkaline material. Th e coarse particles of the inert material provide large pores and high permeability and separate individual limestone grains, so that precipitates do not fi ll the entire pore space between grains. Th is should retard clogging problems.
Th e present study investigates the chemical and hydraulic eff ectiveness of the proposed reactive substrate in laboratory column tests. Th e experimental results were reproduced using a numerical reactive transport model to explain the geochemical metal elimination processes.
Materials and Methods
Th e DAS used in this study consists of fresh wood chips as an inert high surface media mixed with limestone sand as alkaline material. It is used in down-fl ow reactors with supernatant open to the atmosphere to maximize Fe oxidation and minimize Fe(II) mobility in the reactor.
Columns
Two columns were fabricated from transparent polymethyl methacrylate (9.6 cm i.d., height 35 cm) and equipped with lateral ports for taking 0.1-μm fi ltered water samples (Macro Rhizon samplers; Eijkelkamp, Giesbeek, the Netherlands) and measuring pressure (Fig. 1) . Both columns contained a perforated drain pipe and a 2.5-cm layer of quartz gravel (5-8 mm diam.) at the bottom.
Th e DAS used to fi ll the columns was composed of 25% (v/v) calcite sand (d 10 = 0.3 mm, d 50 = 1.2 mm, d 100 = 5 mm) and 75% (v/v) wood chips (maximum length about 2 cm, thickness up to 1 mm). To mix the DAS, fi rst the wood chips were wetted slightly with deionized water, and then the calcite sand was added and mixed. As a result of this procedure, the calcite particles formed a thin layer on the surface of the wood chips and adhered suffi - ciently to minimize segregation while packing the columns. Both columns were then slowly saturated with water from the bottom to expulse air trapped in the substrate.
During the experiment, AMD from Monte Romero Mine (Huelva province, SW Spain) was fed to the supernatant of each column and fl owed out of the overfl ow pipe into an output container that acted as an oxidation and sedimentation tank. Flow rate was controlled by a peristaltic pump (Minipuls 3; Gilson, Middleton, WI). Supernatant water level was controlled by adjusting the height of the overfl ow pipe. Th e mean composition of the AMD in the input container feeding the columns is shown in Table 1 . Even though on collection in the fi eld the AMD contained 87% Fe(II), and the solution in the input container was changed frequently, some oxidation occurred during storage.
Th e columns were operated at diff erent fl ow rates. Th e high-fl ow column started to operate 15 wk before the low-fl ow column. Th e high-fl ow column had 18 cm of substrate and 10 cm of supernatant, and ports for water and pressure at 5-cm intervals (3-, 8-, and 13-cm depth) . Th e low-fl ow column had 14 cm of substrate and 7 cm of supernatant, three ports for water and pressure at 4-, 9-, and 14-cm depth, and an additional pressure measuring port at 1.5-cm depth. ⋅d. Th e fl ow rates of both columns were changed several times to investigate the eff ect of diff erent residence times and contaminant loadings on treatment effi ciency. After each change, conditions were maintained during at least 4 wk to allow the columns to respond. Several water samples were taken during each period to verify that a steady state had been reached.
Th e eff ect of higher Fe(II) concentration and net acidity on the columns was studied by adding 200 mg/L of Fe(II) (as FeSO 4 ⋅7H 2 O) to the input AMD during Weeks 6 to 13 and 34 to 38 of operation the high-fl ow column and Weeks 19 to 23 of the low-fl ow column.
Because the water had to be shipped >1000 km from the fi eld site to our laboratory, the columns were not replicated. Replication would have required transporting twice the amount of water, which we considered prohibitive. Nevertheless, the two columns are to some extent replicates: Th e substrate of both columns was mixed and packed following the same procedure, input water was taken from the same container during the experiment, and the fl ow rate ranges of the two columns overlap. In the Results and Discussion section, performance of both columns at similar fl ow rates will be compared to check consistency of the results.
Water Sampling and Analysis
Water samples were collected from the input container, the supernatant water, the drain pipe, and from the output container on an approximately weekly basis. Samples from the intermediate sampling ports were taken monthly. pH was measured using a Crison glass electrode calibrated with buff er solutions of pH 7 and 2. Redox potential was measured using a Pt combination electrode (SureFlow; Th ermo Fisher Scientifi c, Waltham, MA) that was calibrated with standard buff er solutions of 220 and 468 mV. Measurements were corrected to the Standard Hydrogen Electrode (E h ) to calculate pe. Total (gross) alkalinity was measured using disposable hand-held titration cells (Titrets; CHEMetrics, Calverton, VA; range 10-100 or 100-1000 mg/L, accuracy approximately 5%). In the following, "alkalinity" always refers to measured gross alkalinity. Filtered samples (0.1 μm) were acidifi ed with HCl for analysis of ferrous and total Fe by spectrophotometer (Stookey, 1970; Fe(III) calculated as diff erence) and with HNO 3 for analysis of major and trace elements. Major cations (Ca, Mg, Zn, Fe, Mn, Si) and total S were measured by inductively coupled plasma-atomic emission spectroscopy (ICP-AES) (Optima 3200 RL; PerkinElmer, Waltham, MA), trace metals (Ni, Cd, Co, Pb) by inductively coupled plasma-mass spectroscopy (ICP-MS) (Sciex Elan 6000; PerkinElmer). Copper and Al were measured with both instruments due to the broad range of their concentrations. Detection limits were 0.1 mg/L for S; 0.05 mg/L for Ca, Mg, and Si; 0.02 mg/L for Fe, Zn, and Mn; 5 µg/L for Al; 1.5 µg/L for Cu and Ni; 0.5 µg/L for Pb; and 0.2 µg/L for Cd and Co. Samples were diluted 1:10 for ICP-AES and 1:50 for ICP-MS using 1% HNO 3 . Assuming all S to be sulfate, charge balance error was usually less than 5%.
Net acidity (mg/L as CaCO 3 equivalents) was calculated according to Kirby and Cravotta (2005) as:
Net acidity = 50,045 × (3c Al + 2c Fe + 2c Mn + 2c Zn + 10
where c X are molar concentrations (mol/L) and alk is measured gross alkalinity (mg/L as CaCO 3 equivalents). Th e factor 50,045 converts moles of charge into mg of CaCO 3 equivalents. Net acidity may be positive (net acidic water) or negative (net alkaline water). Note that we included Mn and Zn into the formula due to the high concentrations of these metals in the AMD treated in our study. Absolute net acidity elimination was calculated as:
Net acidity elimination = Supernatant net acidity − Drain pipe net acidity [2] Relative metal removal r (%) from the supernatant to the drain pipe or output container was calculated as:
where c sup is supernatant concentration (mg/L) and c out is drain pipe or output container concentration (mg/L).
Porosity Measurements
Porosity of the fi lling material of the high-fl ow column was determined close to the beginning and end of the experiment by injecting distilled water with a known concentration of LiBr tracer. Bromine was measured at the column outfl ow using a Br − -electrode (Ionplus; Th ermo Fisher Scientifi c). Both saturation and desaturation curves were measured. Initial porosity was measured gravimetrically while saturating the packed low-fl ow column with water. It was assumed to be similar to the initial porosity of the high-fl ow column, because both columns followed the same packing procedure. On a similar column from a diff erent experiment porosity was determined both gravimetrically and by tracer tests, and diff erences were smaller than 2%.
Hydraulic Conductivity Measurements
Hydraulic conductivity profi les of the substrates were determined by connecting piezometric standpipes to every pressure measuring port. Th en fl ow rate was temporarily raised to about 1 to 2 cm 3 /s (≈86-173 L/d) to increase head-loss across the column to easily measurable values, and the piezometric head diff erences between adjacent ports were read. Th e hydraulic conductivity K (cm/s) in the depth interval between two pressure ports was calculated using Darcy's Law:
where Q (mL/s) is fl ow rate, A (cm 2 ) is tank cross-section perpendicular to fl ow, and L and Δh (cm) are distance and head-loss between pressure ports, respectively.
Solid Samples
Substrate and precipitates of the columns were excavated after the end of the experiments from the top in a glove box under N 2 atmosphere to prevent oxidation of reduced mineral phases. Samples for microscopy were carefully transferred into polycarbonate boxes to preserve structure. All samples were sealed under N 2 in LDPE bags, immediately frozen at −30°C, and freeze dried within 1 wk of sampling.
Th in sections were prepared with epoxy resin (Epofi x; Struers, Westlake, OH), and polished with diamond paste from 3 µm down to 1 µm. Granular material and thin sections of the samples were observed under an optical microscope with refl ecting and transmitting light (LV100POL; Nikon, Tokyo, Japan) and coupled digital camera (DXM1200F; Nikon), and under a scanning electron microscope (SEM; model JSM840; JEOL, Tokyo, Japan) with energy dispersive system (EDS; model Link; Oxford Instruments, Abingdon, UK). Element maps were recorded using a Stereoscan S-360 SEM (Leica Cambridge, Cambridge, UK) with Oxford Link EDS.
Samples for chemical analyses and identifi cation of mineral phases were ground in a tungsten carbide mill for 1 to 2 min.
Powder diff ractograms were measured using an X-ray diff ractometer (XRD; model D5005; Bruker, Karlsruhe, Germany) with Cu Lα radiation. Total inorganic carbon (TIC, essentially the amount of carbonates) was determined by measuring the volume of CO 2 gas produced after addition of 16% HCl to a known mass of ground solid sample. Chemical compositions of the solid samples were determined by dissolution in 7.5 M HNO 3 and analysis by ICP-AES. Th e Fe/S and Al/S molar ratios were calculated to obtain information on the nature of the minerals that precipitate inside the columns. Sulfate concentration was corrected for sulfate bound in gypsum supposing that all carbonate was from calcite, and that all Ca in excess of carbonate was bound as gypsum with an equal amount of S.
Geochemical Modeling
Saturation indices of possible minerals with respect to analyzed element concentrations were calculated using the code PHREEQC (Parkhurst, 1995) and the WATEQ4F database (Ball and Nordstrom, 1991) . Th ermodynamic data for schwertmannite was added according to Bigham et al. (1996) . A 1-D reactive transport model was created using the code RETRASO (Saaltink et al., 2004) to test the hypotheses on Fe and Al removal.
Results and Discussion

Porosity
Initial porosity, measured by gravimetry in the low-fl ow column, was equal to 65%. A fi rst series of tracer tests was conducted after 15 wk of operation in the high-fl ow column (Fig. 2) . Mean calculated porosity was 73%. After 63 wk of operation, a second tracer tests series yielded a mean porosity of 82%. Th is indicates that porosity of the substrate increased, and that calcite dissolution created more pore space than was consumed by formation of precipitates.
It is relevant to observe the increase in asymmetry of both saturation and desaturation curves. Th is implies that fl ow is becoming increasingly channelized. Earliest breakthrough, which is caused by well connected large pores, occurs fi rst in the 63-to 64-wk test, despite its increased porosity. On the other hand, the tail becomes heavier and longer for the same test, which suggests that a signifi cant fraction of pores are poorly connected. Altogether, the tracer tests imply that the column is evolving from a homogeneous to a heterogeneous medium.
Water Samples
Input and supernatant pH of both columns (Fig. 3) ranged normally between 2.5 and 3. In the high-fl ow column, pH ranged usually between 6.0 and 6.4 at the drain pipe and rose to 6 to 7 in the output container due to CO 2 degassing. Th e high values of around pH 4 in the supernatant and 8.4 in the output container were measured during and immediately after the fi rst tracer test, respectively, which was conducted using deionized water. In the low-fl ow column (Fig. 3) drain pipe pH ranged between 6.2 and 6.7 throughout the experiment. Output container pH rose to over pH 8 during the fi rst 10 wk, probably due to dissolution of very fi ne calcite grains. After- ward, it remained near 7 at fl ow rates between 0.1 and 0.3 L/d. Drain pipe measured alkalinity of the high-fl ow column (Fig. 3) started at 330 mg/L, but declined gradually during the fi rst 10 wk, even though fl ow rate was rather constant during that period. Afterward, drain pipe alkalinity varied inversely to fl ow rate, but was virtually independent of input net acidity. In the low-fl ow column (Fig. 3) , drain pipe alkalinity varied between 230 and 300 mg/L, inversely correlated with fl ow rate. Again, drain pipe alkalinity was independent of infl ow net acidity.
Absolute net acidity elimination of both columns fl uctuated between 900 and almost 1600 mg/L (mean 1150 mg/L for the high-fl ow column and 1250 mg/L for the low-fl ow column). Net acidity elimination was largest when input acidity was maximum. Relative net acidity elimination of the high-fl ow column varied between 61 and 88% with a mean value of about 70%. Relative net acidity elimination was more stable in the lowfl ow column, with values around 75% during the fi rst 55 wk at fl ow rates between 0.1 and 0.3 L/d. During the last weeks it rose to 100% at the very low fl ow rate of 0.02 L/d.
Depth profi les of the high-fl ow column (Fig. 4) show that rise of pH and acid neutralization fi rst occurred at a sharp front near the substrate surface. Later on, the acid neutralization front moved downward through the substrate and pH change became more gradual.
Dissolved Fe in the supernatant was mostly Fe(III), while Fe inside the substrate and in the drain pipe was mostly Fe(II). Most of dissolved Fe(III) was precipitated near the substrate surface. Iron(II) concentration decreased by up to 70 mg/L from the supernatant to the drain pipe, probably because of oxidation to Fe(III) and subsequent precipitation. Some Fe(II) may also have precipitated as siderite, because pore waters within the column were supersaturated with respect to this mineral. Siderite precipitation from AMD in a carbonate-rich environment was observed by Al et al. (2000) . Usually all Fe(II) which reached the drain pipe was precipitated in the output container after oxidation.
Aluminum precipitated at greater depth than Fe(III). At fi rst, most of infl owing Al was eliminated in the top 3 cm of the substrate. However, after 28 wk Al concentrations at 3-cm depth were higher than input concentrations and decreased considerably at 8-cm depth. Th is indicates that the zone of Al accumulation moved downward through the substrate and that previously precipitated Al-phases redissolved around 3 cm and precipitated again below. Some Al always reached the drain pipe, but elimination was nearly complete in the output container.
Silicon concentration decreased substantially in the same depth intervals as Al, but only about half of the total Si was eliminated. Lead had depth profi les similar to Al, showing redissolution at 3 cm after Week 28 and massive precipitation below. Lead concentrations in the output container were below 4 μg/L throughout the study.
Zinc, Mn, Cd (Fig. 4, Fig. 5A ), Ni, and Co (Fig. 5A) were not signifi cantly removed in the high-fl ow column. Some Zn, Ni, and Cd was precipitated in the output container (Fig.  5B) , reaching maximum removal values at fl ow rates below 0.3 L/d when pH rose above 6.9 (Weeks 19-32 and 39-48). A variable fraction of infl owing Cu was gradually eliminated throughout the substrate. Most remaining Cu was precipitated in the output container.
Calcium concentrations displayed similar trends as pH, showing that acid neutralization was due to limestone dissolution. Calcium increased most in the depth interval where Al and Fe removal was highest, indicating that calcite dissolution was directly linked to Al-and Fe-hydrolysis and precipitation. Despite long residence times (usually between 1.3 and 7 d) pore waters did not reach calcite saturation in the columns, except for the very last samples of the low-fl ow column taken at 0.02 L/d (residence time ≈35 d).
Mean sulfate removal from supernatant to drain pipe was 327 mg/L (9%). Redox potential (E h ) at all sampling points was always above +195 mV, and no other signs of bacterial sulfate reduction such as H 2 S-smell or black coloration of substrate were noticed. Sulfate removal was probably due to precipitation of Al-and Fe-hydroxysulphates and gypsum. Depth profi les in the low-fl ow column (not shown) were similar to those of the high-fl ow column. Th e lower fl ow rate caused the zones of Al-and Fe-precipitation to be narrower and chemical gradients to be steeper than in the high-fl ow column. In the low-fl ow column, pH at 4-cm depth was above 6.0 during the fi rst 41 wk. Underneath, depth pH remained above 6.2 during the entire monitoring period.
Supernatant Fe concentrations in the low-fl ow column (not shown) were on average 70 mg/L lower than in the high-fl ow column, even though both columns were fed from the same input container. Due to the lower fl ow rate, residence time in the supernatant was higher and a larger fraction of Fe(II) was oxidized to Fe(III) and precipitated before entering the substrate. Th is shows that the oxic supernatant is an essential part of the DAS treatment system when high Fe(II) concentrations are present in the input water. Depth profi les of the other studied elements were qualitatively similar to those of the high-fl ow column shown for Week 24 (when its fl ow rate was only 0.18 L/d, Fig. 4) . Mean sulfate removal in the low-fl ow column from supernatant to drain pipe was 477 mg/L (13%). Again, no signs of bacterial sulfate reduction were observed. Relative metal removal rates (Fig.  5C, 5D ), especially of Cd, Zn, Cu, and Ni, were slightly higher in the low-fl ow column compared to the high-fl ow column due to the longer residence times and higher pH and alkalinity.
Removal of Mn and Co was poor in both columns, because they hydrolyze at a higher pH than that achieved in calcite DAS. An alkaline material producing higher pH on dissolution (e.g., MgO) would need to be applied in DAS to precipitate these metals (Cortina et al., 2003; Rötting et al., 2006) . Chemical performance of both columns was similar when operating at the same fl ow rate, as can be seen in the outfl ow gross alkalinity, which correlates with fl ow rate (Fig. 3, bottom graphs Th e removal of diff erent types of metals was also comparable in both columns when operating at similar fl ow rates. Usually, the high-fl ow column did not remove any Cd, Zn, and Ni, whereas the low-fl ow column removed a small portion of these metals. However, when the high-fl ow column was operated at low fl ow rates, it started to remove some Cd, Zn, and Ni (see Cd and Zn in Fig. 4 , series "24 wk, 0.18 L/d"). Th ese facts show that the results of both columns are consistent with each other.
Hydraulic Conductivity Profi les
Hydraulic conductivity of the high-fl ow column was measured for the fi rst time after 2 wk (Fig. 6A) . By then, brownish precipitates had accumulated in the top 3 cm of the substrate, but hydraulic conductivity was still very high at depth. With time hydraulic conductivity decreased, fi rst most notably in the upper part, and later on also in the middle and to some extent in the lower part of the substrate.
Th e low-fl ow column was equipped with an additional pressure port at 1.5-cm depth, which revealed that the greatest head loss did not occur at the substrate surface, but between 1.5-and 4-cm depth (Fig. 6B) . Hydraulic conductivity remained high near the surface and at the bottom of the column and decreased only moderately between 4 and 9 cm.
It is interesting to notice that minimum hydraulic conductivity was similar in both columns, despite the fact that the high-fl ow column had treated about four times more water than the low-fl ow column. A broader precipitation band ought to be expected in the high-fl ow column, which should be further from equilibrium, than in the low-fl ow column. While this is indeed observed, K measurements suggest that precipitates fi rst concentrate in a narrow band and that this band is then extended downward.
Solid Samples
Observations from Substrate Excavation
In the high-fl ow column, the uppermost 1 cm of excavated substrate consisted of moderately cemented wood chips covered with dark brown precipitates and no traces of calcite. Th e next 2 cm contained loose wood chips covered with light brown precipitates and few calcite grains. Just below this "brown" zone, a hard, yellowish-white precipitate covered the wood chips and calcite grains. Th e fi rst 2 cm of this "white" layer were heavily cemented and diffi cult to break. Th e "white" layer had a total thickness of about 7 cm and contained zones of brown precipitates, especially near the column wall. From 10-to 15-cm depth, the column contained loose wood chips and calcite grains with some white precipitates and no brown zones. Below 15 cm, the substrate appeared to contain much calcite and few precipitates.
Th e same zones were found in the low-fl ow column, even though the precipitates were softer, and thickness of the layers was smaller. Th e uppermost 2 cm consisted of slightly cemented wood chips covered with dark brown precipitates. Th e uppermost pressure sampling port (1.5-cm depth) was located in the lower part of this "brown" layer. Th erefore, the relatively high hydraulic conductivity of the uppermost segment of the profi le (Fig. 6B) corresponds to this layer. Just below this zone, a yellowish-white precipitate covered the wood chips and calcite grains, but this layer was not as strongly cemented as the one found in the high-fl ow column. Th is "white" layer was about 4 cm thick and contained zones of brown precipitates, especially near the water sampler at 4-cm depth. Th e pressure sampling port at 4-cm depth was located in the lower part of the "white" layer. Th is shows that the low hydraulic conductivity of the second segment of the profi le corresponds to the "white" layer. From 6 cm to the bottom, the column contained loose wood chips with much calcite and few precipitates.
Substrate Analyses
Th e brownish precipitates of both columns (up to 1-cm depth in the low-fl ow and up to 3-cm depth in the high-fl ow column) contained high concentrations of Fe and some S (Fig.  7A ). Practically all calcite had dissolved in this layer. X-ray diff raction showed the characteristic peaks of goethite. Nevertheless, in fi eld studies schwertmannite is the mineral which precipitates from Monte Romero AMD and subsequently transforms into goethite and jarosite (Acero et al., 2006) . Molar Fe/S ratios in these samples range from 8 to 11, suggesting that a mixture of schwertmannite and goethite was present. Th e SEM-EDS (Fig. 8 ) revealed very Fe-rich precipitates with minor S and Si covering the wood chips and fi lling the shape of former limestone grains which had dissolved completely ("limestone ghosts"). Th is shows that Fe precipitates do not passivate DAS.
Th e "white" layers (from 3-to 10-cm depth in the high-fl ow column and from 1-to 4-cm depth in the low-fl ow column) contained high concentrations of Al (Fig. 7A, 7B ). In the very Alrich samples ("3 cm" in high-fl ow, "1.5 cm" in low-fl ow column) about half of the initial calcite had dissolved. Sulfate concentration decreased with depth while calcite increased. XRD revealed peaks of calcite and gypsum, but no peaks could be attributed to any Al-bearing compound. Al probably precipitated as an amorphous solid. In the low-fl ow column the gypsum-peaks were most intense in the sample from 1.5-cm depth and decreased with depth. In the high-fl ow column gypsum peaks were very weak, probably because most gypsum had been redissolved due to injection of distilled water during the fi nal tracer test.
Th e SEM-EDS images of this layer (Fig. 9) show that calcite grains and wood chips are covered by a thick inner layer of gypsum and a thin outer layer of Al-rich precipitates with no visible crystal structure. Th e shape of the gypsum mass suggests that it fi lls the spaces formerly occupied by limestone. Th is indicates that limestone grains dissolve even when they are covered by precipitates, as was observed in the Fe zone. Probably the protons released during Fe(III)-and Al-hydrolysis and precipitation enhance calcite dissolution, which in turn boosts hydrolysis. Due to the small calcite grain size used in DAS, a large fraction of the calcite grains dissolve completely before the crust of precipitates becomes too thick. Th e Al/S ratios of the bulk samples (after correction for S associated with gypsum) ranged from 5.8 to 9.7, higher than that of Basaluminite [Al 4 (SO 4 )(OH) 10 ⋅5(H 2 O)], which has the highest Al/S ratio of known Al-hydroxysulphates in nature. Th is indicates that both Al-hydroxysulphates and Alhydroxides precipitate inside the DAS columns. Th e Al/S ratio increased with depth, which again suggests that with increasing pH more hydroxyl (OH − ) and less sulfate anions are integrated in the solid phase. A similar behavior is observed for Fe(III)-minerals (Bigham and Nordstrom, 2000) .
In the Al-rich samples the concentrations of Zn, Cu, Pb, and Cd were also highest (Fig. 7A′ ). X-ray diff raction did not show peaks for phases containing any of these metals, but this was to be expected due to the low metal concentrations in the samples. Th e deeper samples (below 10-cm depth in the high-fl ow column and below 4-cm depth in the low-fl ow column) contained little Al and metals. X-ray diff raction showed only the peaks of calcite and gypsum.
Reactive Transport Model
A fi nite-element mesh with 410 linear elements and a total length of 20 cm was used to represent the depth profi le of the high-fl ow DAS column. Dissolution of calcite was simulated according to the kinetic rate law described by Plummer et al. (1978) Bigham et al., 1996) and basaluminite were set to precipitate in equilibrium. As gypsum was oversaturated within the DAS columns, it was set to precipitate kinetically at a rate of 10 −19 mol/m 3 ⋅s. Th e supernatant was set to be in equilibrium with atmospheric O 2 and CO 2 .
Oxidation of Fe(II) to Fe(III) was modeled according to the rate laws of Singer and Stumm (1970) . However, to match the observed Fe(II) depth profi les, the Fe(II) oxidation rate for pH < 3.5 had to be adjusted to 0.1 mol/m 3 ⋅s, fi ve orders of magnitude higher than the published abiotic rate. Th is indicates that Fe(II) oxidation is either enhanced by bacteria (e.g., Johnson and Hallberg, 2003) , or by catalytic oxidation on Fe(III)-hydroxide surfaces (Jarvis and Younger, 2001) .
To match observed pH and dissolved Ca concentrations (Fig.  10A, 10B ), the reactive calcite surface had to be decreased. Diff erent values had to be assigned to the zone of Fe precipitates (calcite area 270 m 2 /m 3 from 0-to 3-cm depth) and the zone of Al precipitates and below (calcite area 90 m 2 /m 3 from 3-to 20-cm depth). Th ese lower-than-calculated calcite areas assigned are consistent with the assumption of partial armoring by the precipitating solid phases. Th e degree of passivation appears to depend on the solid. As observed in the solid samples section, Fe precipitates reduce calcite dissolution only slightly. In the Al zone, passivation is stronger. Th e thick gypsum layers around limestone grains observed in this zone suggest that gypsum is the main cause of passivation, as also described by Booth et al. (1997) .
Simulated pe and dissolved species other than Ca are in good agreement with observations. Simulated precipitated and dissolved solids (Fig. 10C) are consistent with observations. Calcite has dissolved almost completely in the Fe zone, and partially in the Al zone. Schwertmannite forms massively at the substrate surface, moderately up to 3-cm depth, and most of the remaining Fe(III) precipitates at the contact with the Al precipitates. Iron(III) precipitation near the surface is enhanced by oxidation of Fe(II). Up to 3-cm depth the protons released by Fe(III)-precipitation are neutralized by dissolution of calcite. At the contact with the Al zone, they are neutralized by redissolution of previously precipitated basaluminite. Dissolved Al concentration is constant in the top 3 cm, but increases above the input value where basaluminite redissolves, and precipitates below dissolving calcite. Gypsum starts to precipitate in the Al zone, consistent with observations. Th e bulk balance of minerals dissolved and precipitated leads to an increase in porosity of 2%, consistent with the trend observed in the Br-tracer tests. Discrepancy in the actual values (9% measured) are probably due to (i) dissolution of gypsum during the tracer tests (which occupies about 2% of the substrate volume by the end of the simulation), (ii) uncertainties in the molar volumes of Al and Fe mineral phases, and (iii) uncertainties in porosity measurements.
Implications for Future Field Operation
Both DAS columns eliminated Al, Fe(III), Pb, and Cu almost completely. Th e high-fl ow column operated at a loading rate of 120 g acidity/m 2 ⋅d, four times the recommended rate for conventional passive systems. Th e low-fl ow column had a mean loading rate of 35 g acidity/m 2 ⋅d, similar to the rate recommended for RAPS. Th is column additionally removed some Zn, Ni, and Cd. However, this loading rate would require very large surface areas to treat high-acidity AMD. At fi eld scale, it will probably be more effi cient to operate DAS at the loading rate of the high-fl ow column, trading off a slightly lower metal removal for a considerably smaller treatment area.
While the columns did not clog during 15 mo of operation, the permeability reduction was signifi cant. Th is implies that suffi cient freeboard should be left in practice for the supernatant head to increase, so as to maintain the fl ow rate. Th e "life time" of DAS until exhaustion or clogging will have to be determined in fi eld trials, which are currently being performed at Monte Romero Mine (SW Spain).
Conclusions
High Fe(III) and Al concentrations can be treated in DAS. Th is contrasts with ALD and RAPS, where infl owing Fe(III) and Al concentrations have to be kept low to avoid passivation or clogging. Aluminum, Fe(III), Pb, and Cu were almost completely eliminated within both DAS columns. Removal of divalent metals (e.g., Zn, Mn, Ni, Cd, Co) was poor. It could be improved using caustic magnesia (MgO) instead of calcite as a reactive alkaline material in DAS.
Mean net acidity elimination was around 1200 mg/L. Th ese removal rates are three to four times higher than those achieved by conventional passive treatment systems. Net acidity elimination in DAS appears to depend primarily on infl owing Al and Fe(III) concentrations.
Th e oxic supernatant is an essential part of the treatment system when high Fe(II) concentrations are present in the input water. Iron(II) elimination in the supernatant increased with residence time. Drain pipe alkalinity was inversely correlated with fl ow rate. Th is is an important factor if Fe(II) concentration in the outfl ow is high and has to be oxidized in subsequent treatment steps.
Iron(III) precipitated in the upper few centimeters of the columns, probably as Schwertmannite which then transformed into goethite. Aluminum precipitated at greater depth as hydroxysulphates, together with gypsum. Calcite dissolved completely in the zone of Fe precipitation, and partially in the zone of Al precipitation. Hydraulic conductivity profi les indicate that Fe precipitates reduced DAS permeability only marginally, whereas permeability reduction by Al solid phases and/or gypsum was more important. Overall porosity was increased, whereas the tracer tests suggest that mobile porosity was reduced. Th is is consistent with a concentrated permeability reduction in the top part of the Al zone. Th e reduction was similar in the high-fl ow and in the low-fl ow column, and did not prevent the columns from functioning for more than 1 yr without clogging.
Th e DAS reactivity is greater than that of limestone gravelbased treatment systems, because mixing with a coarse inert matrix in DAS allows the use of limestone sand, which provides a higher reactive surface. Due to their small size, the grains are dissolved before being coated (passivated), and most of the reactive material is consumed. Th e high acidity removal is possible because Al, Fe(III) , and other metals accumulate intentionally in DAS. Hydrolysis and precipitation release protons, which promote further dissolution of alkaline reagent. Accumulation within the reactor also facilitates waste management. Th e large pores of the inert DAS matrix and the dispersion (separation) of the calcite grains reduce clogging problems.
